Graphical Abstract Highlights d Glutamatergic retinal waves are triggered by spots of light d Triggered waves are initiated by rods and cones d Triggered waves and spontaneous waves have the same spatiotemporal properties d Dark rearing prior to eye opening reduces segregation of retinogeniculate axons
In Brief
Tiriac, Smith, and Feller show that prior to eye opening, glutamatergic waves can be triggered with light with spatiotemporal precision. They show that dark rearing prior to eye opening reduces eye-specific segregation of retinal afferents to the dorsal lateral geniculate nucleus.
INTRODUCTION
Retinal waves are highly correlated spontaneous firing patterns that propagate throughout the developing retina (Blankenship and Feller, 2010; Kerschensteiner, 2016) . In mice, retinal waves are first detected a few days before birth and persist for approximately 2 weeks after birth, disappearing around the time of eye opening. During this developmental period, the retinal circuits mediating waves also change. At postnatal day 1 (P1), waves are mediated by a transient cholinergic circuit in which recurrent excitatory connections between starburst amacrine cells initiate and propagate retinal waves. At P8-P10, bipolar cell synapses mature and waves become dependent on activation of ionotropic glutamate receptors.
Retinal waves propagate beyond the retina to the superior colliculus, thalamus, and primary visual cortex (Ackman et al., 2012; Murata and Colonnese, 2016) and play an important role in the segregation of retinogeniculate axons and the formation of retinotopic maps before eye opening (for recent reviews, see Assali et al, 2014; Huberman et al, 2008; and Thompson et al., 2017) . For example, in mice, contralateral and ipsilateral retinal projections to the dorsal lateral geniculate nucleus (dLGN) of the thalamus initially overlap at P3, segregate into eye-specific regions that are apparent by P8, and continue to segregate until eye opening at P14. Significant alterations of retinal waves at any of these time points significantly reduce this segregation.
In addition to retinal waves, evoked light responses are also present throughout development. During cholinergic retinal waves, intrinsically photosensitive retinal ganglion cells (ipRGCs) are present, respond to light, and influence retinal circuits via axon collaterals and/or gap junction coupling (Arroyo et al., 2016; Renna et al., 2011) . These early light responses contribute to photoentrainment of circadian rhythms (Duncan et al., 1986) , light avoidance (Johnson et al., 2010) , vascularization of the eye (Rao et al., 2013) , and the maturation of synapses within the retina (Dunn et al., 2013) .
At the same age that glutamatergic waves appear, the earliest rod-and cone-mediated light responses are observed in retinal ganglion cells (RGCs) ( Figure 1A) . These earliest light-responsive cells already exhibit many functional properties including categorization into ON, OFF, and ON-OFF cells (Tian and Copenhagen, 2003) as well as direction selectivity (Chen et al., 2009; Rosa et al., 2016) . Moreover, visual stimulation through the closed eyelids of developing ferrets drive responses in LGN and V1, with structure of the visual scene encoded by immature receptive fields in both of these brain structures (Akerman et al., 2002 (Akerman et al., , 2004 .
Here we investigate how structured light contributes to glutamatergic retinal waves and whether light influences the eye-specific refinement of retinal projections to image-forming centers in the brain prior to eye opening.
RESULTS

Light Modulates the Frequency of Glutamatergic Waves
To characterize the influence of light stimulation on waves, we conducted two-photon calcium imaging experiments on retinas expressing GCaMP6f under the synapsin-1 promoter, which labels all retinal neurons in the ganglion cell layer (Borghuis et al., 2011; Zariwala et al., 2012) (Figure S2C ). Two age ranges were used: P6-P8 to isolate cholinergic waves and P11-P13 to isolate glutamatergic waves. All retinas exhibited spontaneous wave activity ( Figures 1A-1C and S1A-S1C). To stimulate the retina, we used a light intensity equal to or less than the calculated amount of sunlight that passes through the eyelids of a P12 mouse (Johnson et al., 2010) . We found that isolated eyelids from mouse pups transmitted 20% of 375 nm light and retained 28% contrast for structures 330 mm in diameter ( Figure S2 ).
In P6-P8 retina, stimulation with 375 nm light spots did not initiate waves. In contrast, in P11-P13 retina, light spots initiated waves roughly 50% of the time. These triggered waves initiated at the location of the light stimulus, propagated beyond the boundaries of the light stimulus, and initiated precisely at the dark-to-light (ON-initiated waves) and light-to-dark (OFFinitiated waves) transitions ( Figure 1D and Movie S1).
To quantify the impact of visual stimulation on retinal wave initiation, we compared several scenarios: constant dark, constant light, and pulsed light, for which the frequency of waves was assessed outside the region where the retina was directly stimu-lated. Cholinergic retinal waves initiated at a rate of 1.26 ± 0.21 waves/min, and this frequency was not impacted by any of the light conditions (Figures S1D-S1F), consistent with previous studies Renna et al., 2011) . Glutamatergic waves initiated at a rate of 1.02 ± 0.14 waves/min and 0.52 ± 0.081 waves/min in constant dark or constant light, respectively. In contrast to cholinergic waves, glutamatergic wave initiation was greatly increased by light pulses occurring 2-3 times/min (2.48 ± 0.19 waves/min; Figures 1E and 1F ). Glutamatergic waves initiated by light occurred following the change in luminance (Figure 1G) . These data are consistent with the frequency of waves being determined by a combination of spontaneous waves (waves that were not time-locked to a light stimulus) and lighttriggered glutamatergic waves.
Blocking Photoreceptor to Bipolar Cell Signaling Abolishes Light-Evoked Wave Initiation
To determine if light-evoked waves were initiated by activation of conventional photoreceptors or ipRGCs, we compared the success rate of triggering a wave with a light pulse in the absence and presence of drugs that block photoreceptor-bipolar cell synapses. In the absence of drugs, ON-initiated waves had a success rate of 45% ± 0.51% (n = 3 retinas, 160 light stimuli total) and OFF-initiated waves had a success rate of 40% ± 4.3% (n = 3 retinas, 160 light stimuli) ( Figure 2 ). Application of the mGluR6 agonist L-AP4 (20 mM), which blocks photoreceptor to ON-bipolar cell signaling (Slaughter and Miller, 1981) , blocked ON-initiated waves and increased the success rate of OFF-initiated waves (86% ± 13%). Application of UBP 310 (50 mM), which blocks photoreceptor to OFF-bipolar cell signaling (Borghuis et al., 2014; Puthussery et al., 2014) , in isolation blocked OFF-initiated waves ( Figure 2B , bottom). Application of both UBP 310 and L-AP4 completely blocked both ON-and OFF-initiated waves ( Figure 2B ). Note that ipRGC light responses were retained in the presence of L-AP4 and UBP 310 (Figure 2A , top). Together, these results strongly indicate that light-evoked waves are initiated by cone and rod photoreceptor signaling and not ipRGCs.
Light-Triggered and Spontaneous Waves Have Similar Spatiotemporal Properties and Recruit the Same Retinal Circuits
To test whether light-triggered glutamatergic waves activated the same retinal circuits as spontaneous waves, we compared several wave features. First, we found no difference in propagation speed or total propagation area between spontaneous and light-evoked waves ( Figure 3A ). Second, we compared the proportion of ON, ON-OFF, OFF, and non-light-responsive (NR) cells in the ganglion cell layer (Figures 3B middle and 3C left) that participated in spontaneous and light-evoked waves (see STAR Methods for discussion of this categorization). Both the spontaneous and light-evoked waves could be clustered into distinct groups ( Figure 3C ): in one group, waves recruited most ON cells and about half of the ON-OFF cells. In the second group, waves recruited most OFF, ON-OFF, and NR cells, but very few ON cells. Finally, we quantified how similarly individual cells participated in light-triggered and spontaneous waves using an Unweighted Pair Group Method with Arithmetic Mean (UPGMA) hierarchy and did not find a significant difference between these waves ( Figure 3C , right). Hence, we conclude that light-evoked and spontaneous retinal waves activate the same microcircuits and that light stimulation influences primarily the initiation rate of glutamatergic waves.
Mice Reared in Darkness before Eye Opening Exhibit Reduced Eye-Specific Segregation
To determine the impact of light on the development of the visual system before eye opening, we assessed the effects of dark rearing on eye-specific segregation of retinal ganglion cell projections to the dorsal lateral geniculate nucleus ( Figure 4A ). Examining eye-specific segregation of fluorescently labeled anterograde tracers is a canonical approach used to identify mechanisms that influence this activity-dependent developmental process (for review, see Huberman et al., 2008) . We used brain-clearing techniques and whole-brain imaging for volumetric assessment of eye-specific segregation within the dLGN as well as other retino-recipient regions that receive binocular projections ( Figure 4B and Movies S2 and S3). We used a threshold-independent approach to quantify the amount of segregation. This approach, modified from Torborg and Feller (2004) , is based on computing the log ratio of fluorescence intensity from the ipsilateral-projecting axons over the fluorescence intensity of the contralateral-projecting axons for each voxel in a region of interest. We focused our analysis on the anterior third of the dLGN ($70 coronal optical slices each 6.15-mm thick, total thickness $430 mm) where the ipsilateral and contralateral retinogeniculate projections are most segregated ( Figures 4C  and 4D ). Dark rearing from birth or from P8-P14 largely prevented the eye-specific refinement that normally occurs from P8 to P14 ( Figures 4C-4E ). Combined with our ex vivo results, these findings are consistent with the hypothesis that dark rearing reduces glutamatergic wave frequency. Returning mice to a regular light cycle after dark rearing for the first 2 weeks of postnatal life did not rescue eye-specific segregation deficits by P30 ( Figures 4F  and S3D ).
We compared our findings that dark rearing reduced eye-specific refinement in the dLGN to other binocular regions, including the ventral lateral geniculate nucleus (vLGN) and the olivary pretectal nucleus (OPN) ( Figure S3 ). In contrast to our findings in the dLGN, dark rearing had no impact on the other retinorecipient regions, specifically the vLGN and the OPN. (Note, we also investigated the SC but found that our analysis methods could not detect any overlap between ipsi-and contraprojections at P8 and therefore excluded the SC from this analysis.) Thus, visual experience prior to eye opening influences the activity-dependent refinement of retinal projections to the visual thalamus.
DISCUSSION
Here we demonstrate for the first time that visual stimuli through the closed eyelids instruct when and where glutamatergic retinal waves initiate, and that this instruction plays a role in the eyespecific refinement of retinogeniculate projections. We also showed that light-induced initiation of waves is mediated by cone and rod signaling to bipolar cells, not by ipRGCs, and that changes in luminance do not affect wave frequency during the first postnatal week when cholinergic waves occur. Evoked and spontaneous glutamatergic waves have the same propagation speed, propagation area, and appear to activate the same microcircuits within the retina. We showed that retinal projections to various targets in the brain undergo eye-specific segregation from P8 to P14, but that visual experience prior to eye opening specifically affects retinal projections to the dLGN. Finally, we showed that dark rearing before eye opening leads to persistent deficits in eye-specific segregation. These findings implicate a previously unknown role of visual experience prior to eye opening in directing the refinement and maturation of visual circuits.
Implications for Wave-Generating Circuits
We found that light altered the frequency of glutamatergic, but not cholinergic, retinal waves. This finding is consistent with previous reports that showed that light stimulation of ipRGCs impacts the duration of action potential bursts during cholinergic waves, but not the rate of spontaneous initiation Renna et al., 2011) . Rather, cholinergic retinal waves are initiated by the spontaneous depolarizations of cholinergic interneurons, called starburst amacrine cells. The frequency of cholinergic waves is influenced by a refractory period mediated by slow afterhyperpolarization in starburst amacrine cells (Ford et al., 2012; Zheng et al., 2006) .
In contrast, the circuit mechanisms that determine the frequency of glutamatergic waves are less understood. Glutamatergic waves are thought to be initiated by stochastic depolarizations of bipolar cells and propagate laterally via excitatory volumetric glutamatergic transmission and electrical synapses (Kerschensteiner, 2016) . Our results indicate that the initiation of glutamatergic waves is controlled at least in part by photoreceptor to bipolar cell signaling. Further experiments will be needed to determine whether this synapse is also the source of initiation of spontaneous glutamatergic waves in the absence of light.
Comparisons with Previous Studies of Eye-Specific Segregation
We observed a reduction in eye-specific segregation induced by dark rearing prior to eye opening (Figure 4 ). The magnitude of this reduction is comparable to several other manipulations that disrupt eye-specific segregation , including interference with the complement cascade (for example, see Bialas and Stevens, 2013) , targeted killing of ipRGCs (Chew et al., 2017) , and disruption of glutamatergic waves (Blankenship et al., 2011; Hamby et al., 2015; Xu et al., 2010) . Interestingly, we found that retinal projections to non-image-forming parts of the brain-the vLGN and OPN-undergo developmental eye-specific refinement, but not in a light-dependent manner ( Figure S3 ). This is consistent with the idea that early visual activity may be critical specifically for early organization of circuits that mediate vision. However, our results contradict previous findings on the role of light before eye opening.
One study observed no difference in eye-specific segregation in the dLGN between dark-reared and light-reared (12-hr day/ night cycle) mice (Demas et al., 2006) . We hypothesize that the difference is likely to be a variation in the amount of segregation observed in different sections of the dLGN (see Figure S4 ); this variation is minimized by using volumetric analysis, which was not possible in the previous studies based on epifluorescence imaging of dLGN sections. Similarly, dark rearing prior to eye (E) Eye-specific segregation was represented by the distribution of the log ratio (log R) of ipsi-tocontralateral fluorescence for all voxels within the dLGN. The positive values in the distribution represent voxels with greater ipsilateral fluorescence (e.g., see inset: increased segregation indicated by broader distribution). The variance of the distributions was used to compare across conditions. Right: summary data comparing variance of log R distributions across P8 LR, P14 LR, P14 DR, and P8-P14 DR conditions. F(3,27) = 9.28, p = 0.0002; **p < 0.01; *p < 0.05, ANOVA followed by Tukey-Kramer post hoc test. (F) Summary data comparing variance of log R distributions between p30 LR and p30 DR (dark-reared P0-P14 and subsequently light-reared P15-P30). *p < 0.05 unpaired t test.
opening did not impact synaptic pruning of retinogeniculate projections (Hooks and Chen, 2006 ), a process that was not assessed here. However, this same study did conclude that visual experience prior to and around eye opening was important for allowing activity-dependent retinotopic refinement that occurs later in development, indicating that early visual experience impacts retinogeniculate synapses or circuits.
It was also reported that retinogeniculate axons segregate normally in a Crx À/À mouse, in which photoreceptors fail to make connections with bipolar cells and thereby have no rod and cone-mediated light responses (Soto et al., 2012) , in seeming contradiction with our results. However, Soto et al. showed that, in the absence of cone and rod photoreceptor input, there is enhanced correlated neural activity in retinal ganglion cells specifically when glutamatergic waves are present. This increase in RGC neural activity in the Crx À/À mice is therefore not a good model for comparing to dark rearing, which exhibits a decrease in glutamatergic wave frequency.
Do ipRGCs play a role in eye-specific segregation? Mice that lack melanopsin have less eye-specific segregation of retinogeniculate afferents than control mice raised in 24 hr of continuous light (Renna et al., 2011) but similar eye-specific segregation when mice are raised in normal lighting conditions (Chew et al., 2017) . These studies strongly suggest that ipRGC-mediated light responses do not play a role in the development of eye-specific segregation. However, targeted killing of a subpopulation of ipRGCs does reduce eye-specific segregation (Chew et al., 2017) . Hence, ipRGCs may be critical for eye-specific segregation via their role in wave-propagating circuits rather than via their light responses.
Implications for Activity-Dependent Refinement of Retinofugal Projections
Natural scenes aren't random, but rather have innate statistical structure. Given our findings that light-triggered glutamatergic waves are space-( Figure 1D ) and time-locked ( Figure 1G ) to light stimuli, natural scenes, even through the closed eyelids (Akerman et al., 2004) , likely influence the spatiotemporal properties of glutamatergic waves. As a result, the visual system during the period when glutamatergic waves occur may develop in a way that ideally suits the statistical structure of the visual environment. Indeed, recent findings have revealed a rich complexity of retinal projections to the dLGN, with individual thalamic neurons receiving inputs from a variety of RGC subtypes (Liang et al., 2018; Morgan et al., 2016; Rompani et al., 2017) and RGCs even of the same subtype exhibiting different projection patterns depending on location in the LGN (Hong et al., 2018) . Moreover, many LGN neurons at the boundary between ipsilateral and contralateral RGC projections have functional binocular inputs, and the strength of this binocularity is altered via monocular deprivation (Jaepel et al., 2017; Sommeijer et al., 2017) . Future experiments will determine the role of spontaneous and evoked activity in the maturation of the precise synaptic inputs of retinogeniculate axons onto thalamic neurons.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Marla B. Feller (mfeller@berekeley.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All mice used in this study were younger than 14 days of age and were of both sexes. To image calcium activity in retinal neurons, GCaMP6f;syn1-cre mice were generated by cross breeding the Ai95(RCL-GCaMP6f)-D (Jackson laboratories) transgenic mouse to the B6.Cg-Tg(Syn1-cre)671Jxm/J (Jackson laboratories) reporter mouse. All animal procedures were approved by the UC Berkeley Institutional Animal Care and Use Committee and conformed to the NIH Guide for the Care and Use of Laboratory Animals, the Public Health Service Policy, and the SFN Policy on the Use of Animals in Neuroscience Research. All animals used for the two-photon imaging experiments were housed 12-hour day/night cycle rooms.
For the study on eye-specific segregation, we used wild-type C57BL/6J (Jackson laboratories). The light-reared (LR) mice were born and raised in a 12-hour day/night cycle. P0-P14 dark-reared (DR) mice were born and raised in a room that is dark 24 hours a day. P8-P14 DR mice were born and raised in LR conditions from P0-P8 and then raised in DR conditions from P8-P14. For the P30 experiments, a subset of mice were raised in darkness until P14 and then in a 12-hour day/night cycle. The LR P30 mice REAGENT were raised in a 12-hour day/night cycle from birth. All animal husbandry is conducted with red light, which minimizes stimulation of photoreceptors.
METHOD DETAILS
Retina preparation
Mice were deeply anesthetized with isoflurane inhalation and euthanized by decapitation. Eyes were immediately enucleated and retinas were dissected in oxygenated (95% O 2 / 5% CO 2 ) ACSF (in mM, 119 NaCl, 2.5 KCl, 1.3 MgCl 2 , 1 K 2 HPO 4 , 26.2 NaHCO 3 , 11 D-glucose, and 2.5 CaCl 2 ) at room-temperature under infra-red illumination. Isolated retinas were mounted whole over a 1-2 mm 2 hole in nitrocellulose filter paper (Millipore) with the photoreceptor layer side down, and transferred in a recording chamber of an upright microscope for imaging. The whole-mount retinas were continuously perfused (3 ml/min) with oxygenated ACSF at 32-34 C for the duration of the experiment. The retina from the other eye was kept in the dark at room temperature in ACSF bubbled with 95% O 2 , 5% CO 2 until use (maximum 8 h).
Two-photon calcium imaging
Two-photon fluorescence measurements were obtained with a modified movable objective microscope (MOM) (Sutter instruments, Novator, CA) and made using an Olympus 60X, 1.00 NA, LUMPlanFLN objective (Olympus America, Melville, NY) for single cell resolution imaging (FOV: 203 3 203 mm) or a Nikon 16X, 0.80 NA, N16XLWD-PF objective (Nikon, Tokyo, Japan) for large FOV (850 3 850 mm) imaging. Two-photon excitation of GCaMP6f was evoked with an ultrafast pulsed laser (Chameleon Ultra II; Coherent, Santa Clara, CA) tuned to 920 nm. The microscope system was controlled by ScanImage software (https://www.scanimage.org/). Scan parameters were [pixels/line x lines/frame (frame rate in Hz)]: [128 3 128 (3Hz)], at 2 ms/line. This MOM was equipped with a through-the-objective light stimulation and two detection channels for fluorescence imaging.
A previous study reported that a 2-photon laser at appropriate power for imaging (5-10 mW) can induce light responses (Euler et al., 2009 ). To account for 2-photon-mediated responses, we adapt retinas to the laser with a 5-minute imaging session, a strategy outlined in the original paper.
Interline visual stimulation
Visual stimuli patterns were created in imageJ and uploaded to a projector that contains an LED (UV: 375 nm) and a digital micromirror device. To decrease the background signal entering the photomultiplier tubes due to UV stimulation of the GCaMP6f, the stimuli was delivered on the flyback of the fast-axis scanning mirror during a unidirectional scan so as to interleave the stimuli with the imaging. The intensity of the UV stimulus was 2x10 6 photons s -1 um -2 , which corresponds to the calculated intensity of sunlight through the closed eyelids of a P10 mouse 16 . We used several kinds of stimuli: Circular spots of light with (⌀ 100-200 mm), full field (⌀ 1.7 mm) surround-only (⌀ 1.7 mm excluding scan area), and bottom-only (⌀ 1.7 mm half circle). All stimuli, except for the spot of light, were delivered either constantly or at a pulsing rate of 0.05 Hz. For the spot of light, the stimuli were presented 4-6 times in a 5-minute movie for 10 s each. In all cases, the stimuli had a 100% positive contrast (bright on dark background).
Pharmacological blockade of photoreceptor to bipolar cell signaling
We blocked ON-bipolar cell signaling via application of the mGluR6 agonist L-AP4 (20 mM; Tocris, part 0103). We blocked photoreceptor to OFF-bipolar cell signaling via application of the kainate receptor antagonist, UBP 310 (50 mM; Tocris, part 3621).
RGC participation in retinal waves
To determine if spontaneous and light-triggered waves recruit the same retinal circuits, we first identified a FOV with $150 RGCs. A light flash was used to identify ON, OFF, ON-OFF, and non-responsive (NR) RGCs by averaging the RGC responses shortly after the light turns on or off. The retina was imaged until more than 40 spontaneous waves were collected. Retinas were then stimulated with light pulses on the surround to induce light-triggered waves until more than 40 waves were collected.
Eye injections P7, P13, and P29 LR and DR mice were injected with cholera toxin subunit B (CTB, Thermo Fisher Scientific, Waltham, MA), which in the retina is taken up by RGCs and labels their axon projections to the brain. Each eye was injected with CTB conjugated to a different fluorophore, specifically Alexa 488 and 647. All eye injections were done in the dark using IR illumination.
Brain clearing
Mice were euthanized 12 hours later by overdose of isoflurane inhalation. Immediately after breathing stopped, mice were transcardially perfused with 5mL of 4 C phosphate buffered saline (PBS) followed by 5 mL of 4 C 4% paraformaldehyde (PFA). Brains were extracted and stored in PFA overnight at 4 C. Brains were then cleared using CUBIC 17 . Briefly, fixed brains were washed 3x2 hours in room-temperature PBS. Brains were then immersed in reagent 1 solution [weight proportions: 25% urea, 25% N,N,N',N'-tetrakis(2-hydroxypropyl) ethylenediamine, and 15% polyethylene glycol mono-p-isooctylphenyl ether (aka Triton X-100)] at room temperature for 4-6 days, until brains were cleared. Following another 3x2 hour wash in PBS, brains were immersed in reagent 2 solution [weight proportions: 50% sucrose, 25% urea, and 10% 2,2 0 ,2''-nitrilotriethanol] for another 4-6 days until clear again. The refractive index of the home-made reagent 2 was always tested using a Pocket Refractometer (Atago U.S.A., Inc., Bellevue, WA) to ensure it was 1.45 ± 0.01.
Light-sheet imaging Cleared brains were imaged using a Zeiss Lightsheet Z.1 (Carl Zeiss AH, Oberkochen, Germany) system housed by the Molecular Imaging Center (MIC) and Zeiss Berkeley BRAIN-MIC at UC Berkeley. Briefly, brains were cut in half at the midsagittal plane and the rostral-most part of the brain (about 2 mm) and cerebellum were sectioned off. The remaining blocked brain was suspended cortex-down in the light-sheet microscope and the flat coronal plane of the rostral brain was positioned toward the objective. The thalamus, OPN, and SC were imaged individually using a Zeiss 5X, 0.16 NA objective (Zeiss, EC Plan-NEOFLUAR) and optical coronal slices were taken with a step-size of 6.15 mm.
QUANTIFICATION AND STATISTICAL ANALYSIS
Image analysis of retinal waves
Retinal waves were extracted from background using a custom-made FIJI macro that was run in ImageJ v1.51n. Briefly, the movies were: 1) normalized to a temporal median filter of the movie to remove low temporal frequency background modulation such as photobleaching, 2) high-frequency spatial/temporal noise was removed using a 3D median filter, 3) Local high frequency spatial modulation within the wave was suppressed with a 2D mean filter, 4) a dF/dt stack was created by taking the difference between the stack and the same stack phase shifted one slice, and 5) only the positive dF/dt portion was kept to isolate just the leading edge of the wave. The full code can be found at: https://github.com/Llamero/Retinal_Wave_Vector_Flow-Macro. The dF/dt movies were then transferred to MATLAB for further image analysis. First, a grid of 1x1 pixel was assembled over the visible parts of the retina. A threshold of 50% dF/dt was used to binarize activity in an ROI as having a calcium transient of not. Raster plots were then generated by plotting the ROIs on the y axis versus time on the x axis. The sum of active ROIs across time was also generated and was used in addition to the custom FIJI macro described above to count waves. Individual waves were defined as a discrete, continuous dF/dt event that was fully interconnected in space and time. To determine how calcium transients correlated to the change in luminance, we obtained waveforms with a window of 6 s centered around every change in luminance and computed the average and standard error of all waveforms. We then shuffled the timing of the changes in luminance in silico 1000 times to generate an average waveform independent of stimulus timing. Differences in wave frequency between experimental groups were first determined by performing an ANOVA followed by a Tukey HSD post hoc test.
To determine if a localized spot of light triggered a wave, we first determined the area of the retina that was directly illuminated by measuring the position and area of the stimulation at the image plane using a grid micrometer and camera in the transmitted light position. We then verified this result in vivo by averaging the DF/F responses that gave a limited circular response (aka a light response with no triggered wave). A MATLAB code was then written to identify calcium transients that occur immediately following the light (within 2 s) and outside the boundary of the light response. The success chance of starting a wave was then computed by dividing the number of waves generated by the total number of stimuli (4-6) presented within a trial. Difference between groups was determined by performing a Kruskal-Wallis test followed by a Dunn-Sidá k post hoc correction. The moment speed and area of wave propagation was determined for a subset of spontaneous and light-triggered waves (200 waves per group). To measure the mean moment speed of a wave, we used a Euclidean distance transform to measure the distances between the leading edge of the wave between pairs of frames. The mean distance traveled by the leading edge was divided by the time between frames to get a moment speed. The area of the wave was calculated by measuring the area of a maximum intensity projection of the binarized dF/dt stack (see above). The full code can be found at: https://github.com/Llamero/ Retinal_Wave_Vector_Flow-Macro. Data are plotted using notched boxplots with 95% CIs using the boxplot function in MATLAB.
To determine if RGCs participate similarly in spontaneous and light-triggered waves, we first calculated the peak DF/F of each neuron in the ganglion cell layer (GCL, 164 cells) during individual spontaneous and light-triggered waves (41 waves for each condition). Next, we generated a sorted cumulative distribution function (CDF), lowest to highest peak DF/F values, for each GCL neuron across spontaneous waves and light-triggered waves. We measured the distance between cumulative distributions using the D-statistic from the Kolmogorov-Smirnov (KS) test and the resulting distance matrix was used to cluster the RGCs using UPGMA hierarchical clustering. Statistical significance of the sorted samples from the dendrogram was then determined using 95% CI in a notch boxplot.
To validate the above test and to exclude the possibility of the orientation of dendrogram branches contributing to a random sorting, we then measured the KS D-statistic between a linear CDF function (the extreme of a cell having the same peak DF/F in all waves) and measured CDFs for each RGC. These D-statistics were then sorted from smallest (a cell with the same peak DF/F in most waves) to largest (a cell reaching its peak DF/F in only a few waves). Statistical significance of the sorted samples from the D-statistic was then determined using 95% CI in a notch boxplot.
To better visualize whether spontaneous and light-triggered waves recruit the same cells, we first grouped the cells in the ganglion cell layer based on the responses to the light flash as ON, OFF, ON-OFF, or NR cells. To do so, we calculated the mean DF/F for each cell one second after the light turned on and one second after the light turned off. Using a 15% DF/F threshold, we classified cells that responded only to the onset of the light as ON cells, cells that responded only to the offset of the light as OFF cells, cells that responded to both the onset and offset of the light as ON-OFF cells, and cells that did not respond at all as NR cells. This categorization is likely to overestimate the number of ON-OFF cells since at this age, cessation of ON responses in ON RGCs lead to a disinhibition of OFF RGCs (Akrouh and Kerschensteiner, 2013) , which would appear to be an ON response given the temporal resolution of our imaging method. Importantly, this potential mis-classification does not impact the results since we are comparing the same cells in spontaneous and light evoked waves. Using this grouping, we then generated a heatmap of maximum DF/F of each cell during each individual spontaneous and light-triggered wave (columns in Figure 2C ). The heatmaps were then clustered based on a chi-square distance matrix using UPGMA hierarchical clustering.
Threshold-independent analysis of eye-specific segregation For every injection, we check the spatial extent of our fills by visualizing injected retinas. Only brains correspond to retinas with uniform labeling are cleared. Further, we confirm that the retina's projections to the superior colliculus are uniform. Brains with non-uniform labeling in retina or superior colliculus are discarded.
We first created masks that corresponded to the whole dLGN, vLGN, and OPN. To do so, the ipsi and contralateral channels were merged into a grayscale stack of images and the outline of each brain area was traced using a semi-automatic macro in imageJ. Axon bundles on the edges of the LGN were excluded from the brain tracings.
We applied an established threshold-independent protocol to investigate eye-specific segregation to three-dimensional brain structures 18 . To do so, every voxel within volumetric stacks obtained with light-sheet images were first made isotropic by binning the x and y dimension to match the resolution of the z-dimension (6.5 mm). Isotropic resolution was then verified by taking the FFT of several X-Z and X-Y projections. To determine background fluorescence, we obtained the mean fluorescence of the Alexa 488 and 647 dyes in non-retina-recipient targets and subtracted this background fluorescence from the raw stacks. We normalized fluorescence for each dye and each brain area by adjusting the contrast to 5% saturation.
For each voxel in each brain area, we computed the logarithm of the intensity ratio, R = log 10 (F i /F c ), where F i is the fluorescence intensity in the ipsilateral channel and F c is the fluorescence intensity in the contralateral channel of the corresponding voxel. We then computed the distribution of the values of R for all voxels in a single brain region or within quartiles of a brain region.
To compare R-distributions across animals, each distribution was shifted along the x axis to align the maximal peak. This shift corrected for variations in values of R across images unrelated to segregation, such as the effectiveness of dye uptake and transport in axons, number of terminals/pixel, exposure times used in acquisition of the images, or other parameters that affect the absolute value of the intensities in each image. The distributions were also normalized so that the sum of values equaled 1.
To quantify differences between distributions, we calculated the variance and skew of the distributions. Variance is a measure of the spread of the distribution, which decreases if there is more overlap between ipsi and contralateral projections. The skew of the distribution also decreases if the contra-dominant peak is slightly shifted due to increased overlap in ipsi and contralateral labeling. Difference between groups was determined by performing an ANOVA followed by a Tukey-Kramer post hoc test to account for unequal sample sizes.
DATA AND SOFTWARE AVAILABILITY
Detection of retinal waves software: https://github.com/Llamero/Retinal_Wave_Vector_Flow-Macro.
The datasets generated during and/or analyzed during the current study and all custom scripts and functions generated or used during the current study are available from the Lead Contact (mfeller@berkeley.edu) on request.
